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TITLE OF THE INVENTION 

ELECTROMAGNETIC SURVEYING FOR HYDROCARBON RESERVOIRS 
BACKGROUND OF THE INVENTION 

The invention relates to seafloor electromagnetic surveying for oil and other 
5 hydrocarbon reserves. 

Determining the response of subterranean strata within the earth's crust to 
electromagnetic fields is a valuable tool in the field of geophysical research. The 
geological structures associated with thermally, hydrothermally, tectonically or 
magmatically active regions can be studied. In addition, electromagnetic surveying, or 
10 sounding, techniques can provide valuable insights into the nature, and particularly the 
likely hydrocarbon content, of subterranean reservoirs in the context of subterranean 
oil exploration and surveying. 

Seismic techniques are often used during oil exploration to identify the 
existence, location and extent of reservoirs in subterranean rock strata. Whilst seismic 
15 surveying is able to identify such structures, the technique is often unable to 
distinguish between the different possible compositions of pore fluids within them, 
especially for pore fluids which have similar mechanical properties. In the field of oil 
exploration, it is necessary to determine whether a previously identified reservoir 
contains hydrocarbons or just aqueous pore fluids. To do this, an exploratory well is 
20 drilled to determine the contents of the reservoir. However, this is an expensive 
process, and one which provides no guarantee of reward. 

Whilst hydrocarbon-filled and water-filled reservoirs are mechanically similar, 
they do possess significantly different electrical properties and these provide for the 
possibility of electromagnetic based discrimination testing. 
25 A known technique for electromagnetic probing of subterranean rock strata is 

the passive magneto-telluric (MT) method. Signals measured by a surface-based 
electromagnetic receiver in response to electromagnetic (EM) fields generated 
naturally, such as within the earth's upper atmosphere, can provide details about the 
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surrounding subterranean rock strata. However, MT fields excite predominantly 
horizontal current flows in the earth and this makes MT surveying intrinsically 
insensitive to the thin resistive layers typical of subterranean hydrocarbon reservoirs. 
Furthermore, MT data are rarely collected at the seafloor at frequencies high enough 
5 to resolve subterranean strata on scales typical of hydrocarbon reservoirs. In addition, 
the effect of distant coastlines can also often be seen in MT data. This increases the 
complexity of data interpretation. Notwithstanding these limitations, MT techniques 
are still useful for deternuning large-scale background structure in a subterranean 
strata configuration, even if they cannot be directly applied to surveying for 
10 subterranean hydrocarbon reservoirs [7]. 

Because of the different electrical properties of hydrocarbon-filled and water- 
filled reservoirs, measurements of electrical resistivity beneath the seafloor have 
traditionally played a crucial role in hydrocarbon exploration and reservoir assessment 
and development. In industry, subterranean resistivity data have generally been 
obtained almost exclusively by wire-line logging of wells. There are, though, clear 
advantages to developing non-invasive geophysical methods capable of providing 
such information from the surface or seafloor. Although such methods are unlikely to 
provide comparable vertical resolution to wireline logging, the vast saving in terms of 
avoiding the costs of drilling test wells into structures that do not contain 
economically recoverable amounts of hydrocarbon would represent a major economic 
advantage. 

In research fields that are not of commercial interest, geophysical methods for 
mapping subterranean resistivity variations by various forms of controlled source EM 
surveying have been in use for many years [1, 2, 3, 10]. Proposals for finding 
hydrocarbon reservoirs using such EM surveying techniques have also been made [4, 
5], and applications to the direct detection of hydrocarbons using horizontal electric 
dipole (HED) transmitters (or sources) and receivers (or detectors) have proved 
successful [6, 7]. 
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Figure 1 schematically shows a surface vessel 14 undertaking controlled 
source EM surveying of a subterranean strata configuration according to a previously 
proposed method [6]. The subterranean strata configuration includes an overburden 
layer 8, an underburden layer 9 and a hydrocarbon reservoir 12. The surface vessel 14 
floats on the surface 2 of a body of water, in this- case seawater 4 of depth d metres. A 
submersible vehicle 19 carrying a HED transmitter 22 is attached to the surface vessel 
14 by an umbilical cable 16 providing an electrical and mechanical connection 
between the submersible vehicle 19 and the surface vessel 14. The HED transmitter is 
supplied with a drive current so that it broadcasts a HED EM signal into the seawater. 
4. 

One or more remote receivers 25 are located on the seafloor 6. The receivers 
25 include an instrument package 26, an antenna 24, a floatation device 28 and a 
ballast weight (not shown). The antenna 24 comprises an orthogonal pair of horizontal 
electric dipole detectors. The horizontal electric dipole detectors are sensitive to EM 
fields induced by the HED transmitter in the vicinity of the receiver 25, and produce 
detector signals therefrom. The instrument package 26 records the detector signals for 
later analysis. 

The HED transmitter 22 broadcasts EM signals that propagate outwards both 
into the overlying water column 4 and downwards into the seafloor 6 and the 
underlying strata 8, 9, 12. At practical frequencies for this method and given the 
typical resistivity of the respective media 4, 8, 9, 12, propagation occurs by diffusion 
of electromagnetic fields. The rate of decay in amplitude and the phase shift of the 
signal are controlled both by geometric spreading and by skin depth effects. Because 
in general the underlying strata 8, 9, 12 are more resistive than the seawater 4, skin 
depths in the underlying strata 8, 9, 12 are longer. As a result, electric fields measured 
by a receiver located at a suitable horizontal separation are dominated by those 
components of the transmitter EM signal which have propagated downwards through 
the seafloor 6, along within the underlying strata 8, 9, 12, and back up to the receiving 
antenna 24. Both the amplitude and the phase of the received signal depend on the . 
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resistivity structure of the underlying strata 8, 9, 12. Accordingly, a survey built up 
from many transmitter and receiver locations can provide a multi-dimensional image, 
by geophysical inversion, of subterranean resistivity. Because hydrocarbon reservoirs 
have relatively high resistivities (typically 100 Qm) compared to other subterranean 
strata (typically 1 Qm), they can be easily identified in maps of subterranean 
resistivity. 

However, a significant problem with controlled source EM surveying 
techniques of the kind shown in Figure 1 is that they do not work well in shallow 
water due to the presence of an <air-wave' component in the EM fields induced by the 
HED transmitter at the receiver. This air-wave component is due to EM signals from 
the HED transmitter which follow a propagation path upwards through the seawater to 
the surface; horizontally through the air; and back down through the water column to 
the receiver. The air-wave component contains very little information about 
subterranean resistivity. Accordingly, if the air-wave contributes a significant 
component to the EM fields induced by the HED transmitter at the receiver, the 
sensitivity of the technique to subterranean resistivity structures, such as hydrocarbon 
reservoirs, is greatly reduced. The path of an example air-wave component is shown 
in Figure 1 by a dotted line labelled AW. The magnitude of the air-wave component is 
not significantly reduced by its passage through air. This is because air is non- 
conducting. However, as with other components, the airwave component is strongly 
attenuated by its passage through the seawater. This means that in relatively deep 
water (large d) the air-wave component is not very significant at the receiver and as 
such does not present a major problem. However in shallow water (small d) the air- 
wave component does not pass through as much seawater and thus makes a larger 
contribution to the EM fields induced by the HED transmitter at the receiver. This 
contribution becomes greater still at increasing transmitter-receiver horizontal 
separations. This is because (other than due to geometric spreading) the strength of the 
air-wave component is relatively constant over a wide range of horizontal separations 
since any extra distance travelled by the air-wave component is almost exclusively in 
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the non-attenuating air. Other components of the EM field, induced by the BED at the 
-ever, such as those which pass through the subterranean strata and are of interest 
have, through ,ow=r resistivity ntedia and become increasing attenuated as they ttave, 
further. For these reasons, the air-wave component tends ,o dominate the EM fields 
5 tnduced by me HED ttansmitter at the receiver for surveys made in shailow water 
espectally at long transmitter-receiver horizontal separations. 

* existence of me air-wave as a dominant component of the detector signals 
bunts the applies* 0 f the ^ fc ^ 

ttte range of unnsnritter-receiver over which the technique can be appbed is much 
reduced. Una not only leads to aneed to emp.oymore receiver locations to adequately 
-er a given area, but also bmits me depth beneath the seafloor to which the 
teebntque ,s sensitive. This can mean that a buried hydrocarbon reservoir in shallow 
water may no. be detectable, even .hough me same reservoir wou,d be detected in 
deeper water. 

Figure 2 is a graph schematically showing results of one-dimensional 
modelhng of two exampie EM surveys of me land shown in Figure 1. One example 
cotresponds to a survey perfonned in dee, water (dotted fine) and the other to a 
survey perfonned in shaUow water (sohd line). For each mode, survey the amphtude 
of an eiectoc field component induced a. the receiver in response to the HED EM 
ttansmttter is calculated per unit transmitter dipole and is plotted as a fimction of 
honzonta, Reparation R betiveen the HED transmitter and the receiver. For bom mode, 
surveys, the subtenant abate configuration is a semi-infinite homogeneous half 
space of Nativity , nm. In the deep-water examp,e, the subtetranean sbata 
configurauon is ,oca,ed beneath art infinite extent of seawater. In the sbaUow-water 
example, „ is ,„ C ated beneath a 500-meter depth of seawater. In bod. cases tire 
seawater ^ resistivity 0 . 3 ^ ^ ^ ^ ^ 

hue wbtcb runs through the axis of the HED transmitter. It is the component of 
detected Ceobtc fie,d reso,ved along this direction which is p,otted in Figl 2. The 
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HED transmitter is driven by a quasi-square wave AC current at a frequency of 0.25 
Hz. 

The effect of the air-wave component on the amplitude of EM fields induced 
by the HED transmitter at the receiver is clear. In the deep-water model survey, where 
. there ,s no air-wave component, the calculated electric field amplitude fells steadily 
with mcreasing horizontal separation, fa the shallow-water model, however, where 
there is a strong air-wave component, the rate of amplitude reduction sharply reduces 
at a transmitter-receiver horizontal separation of about 5000 m. Figure 3 is a plot 
showing the ratio, p, of the two curves shown in Figure 2, and the large deviations 
from unity highlight fe e dififerace between these curves. Since the only difference 
between the two model surveys is the presence or no. of an air-wave component the 
ratio plotted in Figure 3 effectively shows the relative strength of the air-wave 
component in the detected signal compared to that which passes through the 
subteiraneaa strata for the shallow-water model survey. 

It is apparent from Figures 2 and 3 that at all but the very shortest horizontal 
separations the detected electric field is significantly larger in the shallow-water 
model. For example, at a horizontal separation of 2500 m, fee amplitude of fee 
detected signal in the deep-water model snrvey is around 10"' 2 Am' 2 . In the shallow- 
water model survey it.is higher at around 10"* Am 2 . This is due to fee additional 
contentions of fee air-wave component This level of increase shows that the air- 
wave component is over twice as strong as fee component which has passed through 
the subterranean strata, and accordingly over two-thirds of fee detector signal carries 
almost no infotmation about fee subterranean strata. At greater horizontal separations 
fee an-wave component dominates even more. In particular, i, becomes especially 
pronounced beyond around 5000 m. At feis point there is a break in fee rate at which 
the detected electric field amplitude Ms with increasing horizontal separation A, a 
honzontal separation of around 7000 m, fee air-wave component in fee shallow water 
example is around twenty times stronger than feat which passes through fee 
subterranean strata. This clearly imposes high requirements for fee signal-to-noise 
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a owing cunent components, the coupling between ft. , 
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Hence it is important when designing a practical EM survey of the kind 
described above to distinguish between transmitter and receiver configurations in 
which the coupling between layers is largely inductive due to horizontal currents (in 
which case the survey has little sensitivity to the presence of a thin reservoir) and 
those in which the coupling between layers is largely galvanic, due to vertical currents 
(in which case blocking of the passage of this current flow by a reservoir leads to a 
survey which is strongly sensitive to the presence and boundary of hydrocarbon within 
the reservoir). 

The HED transmitter 22 shown in Figure 1 generates both inductive and 
galvanic current flow modes with the relative strength of each mode depending on 
HED transmitter-receiver geometry. At receiver locations which are broadside to the 
HED transmitter axis, the inductive mode dominates the response. At receiver 
locations which are in-line with the HED transmitter axis, the galvanic mode is 
stronger [6, 8, 9, 10]. The response at receiver locations in both the in-line and 
broadside configurations is governed by a combination of the inductively and 
galvanically coupled modes and these tend to work in opposition. 

Figure 4 shows in plan view an example survey geometry according to the 
above described survey method in which sixteen receivers 25 are laid out in a square 
grid on a section of seafloor 6 above a subterranean reservoir 56 having a boundary 
20 indicated by a heavy line 58. The orientation of the subterranean reservoir is indicated 
by the cardinal compass points (marked N, E, S and W for North, East, South and 
West respectively) indicated in the upper right of the figure. To perform a survey, a 
transmitter starts from location 'A' and is towed along a path indicated by the broken 
line 60 through location «B' until it reaches location «C which marks the end of the 
survey path. As is evident, the tow path first covers four parallel paths aligned with 
the North-South direction to drive over the four "columns" of the receivers. This part 
of the survey path moves from location 'A' to «B'. Starting from location 'B', the 
survey path then covers four paths aligned with the East-West direction which drive 
over the four "rows" of receivers. Each receiver is thus driven over in two orthogonal 
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directions. The survey is completed when the transmitter reaches the location marked 

During the towing process, each of the receivers 25 presents several different 
orientation geometries with respect to the transmitter. For example, when the 
transmitter is directly above the receiver position Dl and on the North-South aligned 
section of the tow path, the receivers at positions D5, D6 and D7 are at different 
ranges in an end-on position, the receivers at positions D2, D3 and D4 are at different 
horizontal separations in a broadside position and the receiver at positions D8 and D9 
are in-between. However, when the transmitter later passes over the receiver position 
Dl when on the East-West aligned section of the tow path, the receivers at positions 
D5, D6 and D7 are now in a broadside position, and the receivers at position D2, D3 
and D4 are in an end-on position. Thus, in the course of a survey, and in conjunction 
with the positional information of the transmitter, data from the receivers can be used 
to provide details of the signal transmission through the subterranean strata for a 
comprehensive range of distances and orientations between transmitter and receiver, 
each with varying galvanic and inductive contributions to the signal propagation. In 
this way a simple continuous towing of the transmitter can provide a detailed survey 
which covers the extent of the subterranean reservoir. 

While this survey method has been demonstrated to provide good results in 
20 practice, as noted above some limitations have been identified. 

Firstly, since the inductive and galvanic modes cannot be easily separated 
there will generally be a level of cross-talk between them at a receiver. This may lead 
to ambiguities in the results. 

. Secondly, in order to obtain survey data from both in-line and broadside 
25 geometries, the HED transmitter needs to be re-oriented at each HED transmitter 
survey location. This requires the surface vessel to make multiple passes over 
broadcast locations and can lead to complex and long tow patterns. 

Thirdly, a HED transmitter based EM survey can only provide the best data 
possible at discrete survey locations. This is because of the geometric requirements of 
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a HED transmitter survey which dictate that, at any point during the survey, data can 
only be optimally collected from those receivers to which the HED transmitter is 
arranged either in-line or broadside. At other orientations, horizontal separation of the 
inductively and galvanically coupled signals becomes much more difficult and data 
5 are less reliable. For instance, referring to Figure 4, when the HED transmitter is at a 
point on the tow path above the receiver marked Dl and on the North-South aligned 
section of the tow path, in-line data can only be collected from the receivers marked 
D5, D6 and D7, whilst broadside data can only be collected form the receivers marked 
D2, D3 and D4. The other receivers provide only marginally useful information at this 

10 point of the survey. Furthermore, if the HED transmitter is at the location identified by 
reference numeral 57 in Figure 4, which is on a North-South aligned section of the 
tow path, in-line data can be collected from the receivers marked D3, D8, D9 and 
D10, but broadside data cannot be collected from any -of the receivers. Since both 
broadside and in-line data are required for optimal analysis, the best data possible with 

15 the square receiver array shown in Figure 4 can only be collected from points along 
the tow path directly above the receiver locations. 
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According to a first aspect of the invention there is provided a method of 
analysing results from an electromagnetic survey of an area that is thought or known 
5 to contain a subterranean hydrocarbon reservoir, comprising: providing vertical 
electric dipole (VED) response data obtained by at least one VED detector detecting a 
signal from a horizontal electric dipole (BED) transmitter; providing background data 
specific to the area being surveyed; and comparing the VED response data with the 
background data to obtain difference data sensitive to the presence of a subterranean 
10 hydrocarbon reservoir. 

hi this case, references to vertical and horizontal indicate that a significant 
component, preferably a major component, of the respective signals should be aligned 
with the vertical and horizontal axes. It is not necessary that the signals are perfectly, 
or even closely, aligned to the vertical and horizontal axes, although fairly close 
15 alignment is preferred to provide a strong signal and reduce the complexity of 
analysis, for example ahgnment within +/-30 0 is desirable. 

By using VED response data in the analysis, it is possible to analyse survey 
results taken in shallower water than has previously been possible. This is because the 
VED response data are not sensitive to detected signal components which have 
0 propagated through air and which tend to dominate survey results obtained with 
previous methods. In addition, because the VED response data are not sensitive to 
horizontal current flows, there is no mixing between galvanic and inductive modes in 
the VED response data. This means a complete survey can be carried out with a single 
tow. In contrast, in previously proposed EM survey methods based on use of HED 
detectors, two sets of survey data had to be obtained with different tows over different 
paths in order to probe the response of an area of interest galvanicaUy and inductively. 

The comparison of VED response data with background data makes it possible 
to determine whether features of the VED response data are indicative of a 
hydrocarbon reservoir or arise as a result of some other local background structure 
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configuration. Background data may be obtained by modelling the EM survey 
performed to obtain the VED response data with a model background subterranean 
strata configuration. The background model strata configuration should preferably be 
a close match to the actual background structure in the area being surveyed. 

The background data may be obtained in several ways, for example from a 
controlled source electromagnetic survey, from a magneto-telluric electromagnetic 
survey, from another similar survey taken at a different time, or from a rock formation 
model. If.a rock formation model is used it should preferably include resistivity, and 
may be derived from a combination of geological data and resistivity data. The 
geological data can be from seismological surveying and the resistivity data from well 
logging. Other sources of information, such as neutron data or other porosity estimates 
from well logs, could also be used. 

The difference data may represent the difference between the VED response 
data and the background data as a function of position within the area, and the 
analysis may include identifying a location of a boundary of a subterranean 
hydrocarbon reservoir. 

According to a second aspect of the invention there is provided a computer 
program product bearing machine readable instructions for implementing a method of 
analysing results from an electromagnetic survey according to the first aspect of the 
20 invention. 

According to a third aspect of the invention there is provided a computer 
apparatus loaded with machine readable instructions for implementing the method of 
analysing results from an electromagnetic survey according to the first aspect of the 
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invention. 



According to a fourth aspect of the invention there is provided an 
electromagnetic survey method applied to an area that is thought or known to contain 
a subterranean hydrocarbon reservoir, comprising: deploying a horizontal electric 
dipole (HED) transmitter and at least one receiver, the receiver including a vertical 
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electric dipole (VED) detector; and collecting from the at least one VED detector 
VED response data induced by the HED transmitter. 

An electromagnetic survey method of this type is well suited to providing 
VED response data for use in analysing results from an electromagnetic survey 
5 according to the first aspect of the invention. 

The VED deteCt ° r ma * consist of a single vertically aligned antenna, m 
another embodiment, three antennae can be used, one vertical two horizontal, each 
ideally being orthogonal to each other. However, as long as the two horizontal 
antennae are generally in crossed alignment, and extending in different horizontal 
1 0 directions, this will be sufficient. 

According to a fifth aspect of the invention there is provided a method of 
Plannmg an electromagnetic survey of an area that is thought or known to contain a 
subterranean hydrocarbon reservoir, comprising: creating a model of the area to be 
surveys including a rock formation containing a postulated hydrocarbon reservoir- 
and a body of water above the mck formation; setting values for water depth, depth of 
the postulated hydrocarbon reservoir, and resistivity structure of the rock formation 
and perfomnng a simulation of an electromagnetic survey in the model of the survey 
area by calculating vertical electric dipole (VED) response data obtained by at leaat 
one simulated VED detector detecting a signal from a simulated horizontal electric 
dipole CHED) transmitter; and adjusting tire model to remove the postulated 
hydrocarbon reservoir and repeating the simulation to obtain background data for 
comparison with the VED response data. 

Repeated simulations for a number of transmitter-receiver horizontal 
separations and frequencies of signal can be performed in order to allow optimum 
surveying conditions in terms of tranamitter-to-detector distance and frequency of EM 
stgnal for probing tire hydrocarbon reservoir to be selected when performing an 
electromagnetic survey. The effects and usefulness of differing detector array 
configurations and transmitter tow paths can also be modelled 
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Accqrdirig to a sixth aspect of the invention there is provided a computer 
program product bearing machine readable instructions for implementing the method 
of planning an electromagnetic survey according to the fifth aspect of the invention. 

According to a seventh aspect of the invention there is provided a computer 
apparatus loaded -with machine readable instructions for implementing the method of 
planning an electromagnetic survey according to the fifth aspect of the invention. 
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For a better understanding of the invention and to show how the same may be 
carried into effect reference is now made by way of example to the accompanying 
drawings, in which: 

Figure 1 shows in schematic vertical section a surface vessel undertaking an 
EM survey in deep water according to a previously proposed method; 

Figure 2 is a graph plotting detector signals calculated from two model surveys 
made according to the previously proposed method, one performed in deep water 
(dotted line) and one performed in shallow water (solid line); 

Figure 3 is a graph plotting the ratio of the two curves shown in Figure 2; 
Figure 4 is a schematic plan view showing an example survey geometry 
according to the previously proposed method in which sixteen detectors are laid out 
on a section of seafloor above a subterranean reservoir; 

Figure 5 shows in schematic vertical section a surface vessel undertaking an 
EM survey in shallow water according to an embodiment of the invention; 

Figure 6 is a graph plotting detector signals calculated from two model surveys 
made according to the embodiment of the invention, one performed in deep water 
(dotted line) and one performed in shallow water (solid line); 

Figure 7 is a. graph plotting the ratio of the two curves shown in Figure 6; and 
Figure 8 is a schematic plan view showing an example survey geometry for 
surveying according to an embodiment of the invention in which sixteen detectors are 
laid out on a section of seafloor above a subterranean reservoir. 



DRTATT wiy DESCRIPTION 



Figure 5 of the accompanying drawings schematically shows a surface vessel 
14 undertaking electromagnetic (EM) surveying of a subterranean strata configuration 
(or rock formation) according to an embodiment of the invention. Features shown in 
Figure 5 which are functionally similar to features shown in Figures 1 are given the 
same reference numeral. The subterranean strata configuration includes an overburden 
layer 8, an underbidden layer 9 and a hydrocarbon reservoir 12. The surface vessel 14 
floats on the surface 2 of the sea 4. A submersible vehicle 19 is attached to the surface 
vessel 14 by an umbilical cable 16 which provides an electrical, optical and 
mechanical connection between the submersible vehicle 19 and the surface vessel 14. 
The submersible vehicle 19 is towed by the surface vessel 14 such that it remains 
consistently close to the seafloor 6. This is facilitated by an echo-location package 20 
which relays information about the height of the towed vehicle 19 above the seafloor 
6 to the surface vessel 14. The towed vehicle 19 receives electrical power from the 
ship's on-board power supply via the umbilical cable 16. 

A waveform generator in the form of a cycloconverter unit 30 generates a 
selected waveform for an alternating current (AC) drive current. The AC drive current 
is supplied to a horizontal electric dipole (HED) transmitter 22 which is towed by the 
submersible vehicle 19. Whilst in this example a cycloconverter is used, any 
waveform generator capable of generating a suitable output signal may be employed. 
Furthermore, although in this example the waveform generator is aboard the ship, in 
other examples the waveform generator may be on the towed vehicle. In these cases it 
may be supplied with electrical power from the surface vessel's power supply. The 
supply of the AC drive current to the HED transmitter causes it to broadcast a HED 
EM signal into the sea 4. 

One or more remote receivers 35 are located on the seafloor 6. The receivers 
35 comprise an instrument package 36, an antenna 34, a floatation device 38 and a 
ballast weight (not shown). The antenna 34 comprises a vertical electric dipole (VED) 



-17- 



detector and two mutually orthogonal horizontal electric dipole (HED) detectors. A 
standard marine compass may be included in the instrument package to record the 
orientation of the HED detectors. In other examples, only the VED detector is 
included (i.e. the HED detector pair is omitted). The VED detector is sensitive to 
vertical electric components of the EM fields induced by the HED transmitter in the 
vicinity of the receiver 35 and may be a . simple VED antenna. The VED dipole 
produces detector signals forming VED response data. The instrument package 36 
records the VED response data for later analysis. At the end of a survey, a remotely 
operable release system allows the instrument package 36 to be detached from the 
ballast weight so that the floatation device 38 can carry the instrument package to the 
surface for recovery and retrieval of the VED response data for analysis. 

The vertical components of the EM fields induced by the HED transmitter at 
the detector are significantly weaker than the horizontal components. This is perhaps 
one reason why recent development of electromagnetic surveying for detecting 
hydrocarbon reservoirs has been focussed around use of HED receivers. However, in 
using a VED detector to obtain VED response data as taught by the invention, surveys 
which are far less sensitive to the air-wave component can be performed. This is 
because the air-wave component is strongly biased towards inducing horizontal 
currents at the detector. The component of the air-wave which would induce vertical 
currents at the detector is highly inefficiently coupled across the horizontal interface 
between the air and the seawater. Because the air-wave component is unable to 
dominate the VED response data, the proposed survey technique is able to operate in 
water which is much shallower water than previously described methods. 

Figure 6 is a graph schematically showing results of one-dimensional 
modelling of two example EM surveys of the kind shown in Figure 5. Figure 6 is to be 
compared with Figure 2 showing results of modelling of previously known EM 
surveys. Again, one example in Figure 6 corresponds to a survey performed in deep 
water (dotted line) and the other to a survey performed in shallow water (solid line). 
Unlike Figure 2, it is the amplitude of the vertical electric field component induced at 



the receiver in response to the HED transmitter calculated per unit transmitter dipole 
which is plotted as a function of transmitter-receiver horizontal separation R in Figure 
6. For both the deep-water and the shallow-water model surveys the subterranean 
strata configuration is again a serm-infinite homogenous half space of resistivity 1 
Cim. As before, in the deep-water model survey the seawater is of infinite extent, and 
in the shallow-water model survey it is of depth 500 meters. In both cases the seawater 
has resistivity 0.3 Qm. The transmitter and receiver are again separated along a line 
which runs through the axis of the HED transmitter and the HED transmitter is driven, 
by a quasi-square wave AC current at a frequency of 0.25 Hz. 

It is apparent from Figure 6 that in using the survey technique of the invention, 
the effect of the air-wave component on the amplitude of EM fields induced by the 
HED transmitter at the receiver is minimal. In both the deep-water model survey, 
where there is no air-wave component, and the shallow water model survey, where 
there is an air-wave component, the calculated electric field amplitudes are very 
similar. Figure 7 is a plot showing the ratio, p, of the two curves shown in Figure 6. 
Figure 7 is to be compared with Figure 3 and is plotted on the same scale to allow 
direct comparison. The similarity of the VED response data calculated for both the 
deep-water and shallow-water model surveys is apparent from the curve in Figure 7 
being close to unity for all horizontal separations. A comparison of Figure 7 with 
Figure 3 provides a clear demonstration of the improved EM survey performance 
obtainable in shallow water using the new survey technique. 

In the example shown in Figure 5, the VED detector is rigidly attached to the 
remainder of the receiver structure. This is to prevent the VED detector moving in 
response to undersea water currents. Motion of the VED~ detector would otherwise 
introduce noise into the VED response data, for example from currents induced by its 
motion in the Earth's magnetic field; Because the VED detector is rigidly attached to 
the remainder of the receiver, it may not always be correctly vertically aligned This 
would be the case, for example, if the receiver was deployed on a sloping surface. To 
account for this, and to ensure the vertical component of the EM fields induced by the 
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HED transmitter at the detector are properly measured, the instrument package 
preferably includes a clinometer so that the detector signals can be properly resolved 
into their vertical and horizontal components. In another example, a naturally buoyant 
VED detector may be employed. This could, for example, be provided by a dipole 
detector pivotably attached to the remainder of the receiver at one end and having a 
buoyancy aid attached to the other end. A clinometer may again be included to allow 
detector signals to be properly resolved. Such an arrangement would ensure that the 
dipole detector is vertically aligned irrespective of the orientation of the remainder of 
the receiver. However, as noted above, this would make the VED detector .sensitive to 
motionally induced noise. This could be reduced, for example, by employing a 
clamping mechanism to rigidly hold the pivotably attached dipole detector once it has 
settled in a vertical alignment following initial deployment. 

The characteristics of the modelled VED response data shown in Figure 6 are 
specific to the subterranean strata configuration employed in the model surveys, hi 
both cases, this is a semi-infinite homogeneous structure with a resistivity of 1 Dm. If 
the subterranean strata configuration were different, calculated curves corresponding 
to those of Figure 6 would also be different. For example, if there were a hydrocarbon 
reservoir embedded within the subterranean strata configuration, such as the one 
schematically shown in Figure 5, the detected electric field amplitudes would be 
higher. This is due to the lower attenuation experienced by the components of the EM 
signal from the HED transmitter which travel through the higher resistivity 
hydrocarbon reservoir. The magnitude of the increase in signal due to a hydrocarbon 
reservoir is likely to be different at different transmitter-receiver, horizontal 
separations R. This is because the signal propagation between the HED transmitter 
and the VED detector is weighted by depth as a function of horizontal separation 
between the HED transmitter and the VED detector. For example, if the HED 
transmitter and the VED detector are close compared to the depth of a buried 
hydrocarbon reservoir, effects of signals propagating through the hydrocarbon 
reservoir will be small since the detector signals will be dominated by signals which 
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have propagated through the overburden layers. However, at larger horizontal 
separations, the effects of the hydrocarbon reservoir will become more pronounced. It 
is these types of effect which make the technique described above sensitive to the 
presence of hydrocarbon reservoirs. 

Because in practice, subterranean strata configurations are not as simple as 
those used in the model surveys described above, it is often difficult to identify 
directly from curves of the type shown in Figure 6 which have been obtained from real 
surveys whether the curves contain features indicative of a buried hydrocarbon 
reservoir or merely features relating to local larger scale background structures. In 
particular the kind of VED response data seen with a thin resistive hydrocarbon 
reservoir embedded in a uniform resistivity background is similar to that seen in a 
subterranean strata configuration comprising layers of increasing resistivity with 
depth. This land of increasing-resistivity structure is a feature of some submarine 
sedimentary basins and can arise due to the progressive expulsion of conductive pore 
fluids with increasing depths by a rising overburden pressure. Accordingly knowledge 
of the large scale background structure of the subterranean strata in the area to be 
surveyed- is often needed in order to determine reliably whether features in VED 
response data are caused by a buried hydrocarbon layer or whether they are caused by 
large scale background structures. 

A survey aimed at establishing whether a subterranean strata configuration 
contains a thin resistive hydrocarbon reservoir will normally involve obtaining VED 
response data, of the type plotted in Figure 6, using the technique shown in Figure 5. 
These VED response data are sensitive to the presence of subterranean hydrocarbon 
reservoirs. However, in addition, to determine reliably whether features of the VED 
response data are indicative of a hydrocarbon reservoir or of the local background 
structure, it is necessary to . determine how the VED response data for a given 
subterranean strata configuration would appear if there were no hydrocarbon reservoir. 

This analysis step, generally referred to as normalisation, is usually done with 
the aid of background data. Background data are specific to the area being surveyed 
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and can be obtained in a variety of ways. One way is to model the EM survey 
performed to obtain the VED response data with a model background subterranean 
strata configuration. The background model should be as close a match as possible to 
the actual background structure in the area being surveyed. A comparison of the VED 
5 response data with the background data provides difference data sensitive to the likely 
presence, extent and location of a subterranean hydrocarbon reservoir embedded 
within the background subterranean strata configuration/ For example, if the VED 
response data closely match the background data, there is unlikely to be a buried 
hydrocarbon layer. If, on the other hand, there are differences, i.e. anomalies, in the 

JO VED response data compared to the background data, for example, an increased 
receiver signal amplitude, this could be analysed quantitatively assessed in terms of 
being indicative of a buried hydrocarbon reservoir. The variation in anomalies at 
different horizontal separations provides information on the depth and extent of a 
hydrocarbon reservoir. For example, if differences between the VED response data 

15 and the background data are only apparent at large transmitter-receiver horizontal 
separations, this is likely to indicate that the hydrocarbon reservoir is relatively deeply 
buried. Similarly, a discontinuity in VED response data as a function of horizontal 
separation is likely to indicate a boundary or edge of a hydrocarbon reservoir at the 
location of the discontinuity. 

20 Suitable background models to use in generating background data can be 

obtained in several ways. 

One way of obtaining the information required to construct, a suitable 
background model is with conventional MT electromagnetic surveying techniques. As 
noted above, these techniques are capable of providing information on large scale 

25 background resistivity structures, even though they unable to detect hydrocarbon 
reservoirs directly. 

Another way of obtaining the information required to construct a suitable 
background model is by using conventional controlled source electromagnetic 
surveying techniques. Whilst the use of such techniques to determine a background 
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model is prone to the same difficulties associated with the air-wave component 
described above, the impact of the air-wave component can be reduced by employing 
relatively low frequency EM signals. Low frequency signals suffer less attenuation as 
they pass through the subterranean strata and so the air-wave component is not so 
5 dominant in the EM fields induced at a receiver by a HED transmitter driven by a low 
frequency AC current. While these low frequency signals are unlikely to provide 
sufficient spatial resolution to properly resolve subterranean hydrocarbon reservoirs, 
they are nonetheless capable of providing information on large scale background 
resistivity structures needed to generate a background model. 

10 In other cases, an area to be surveyed will already be very, well characterized 

by previous surveying. For example, in a producing oilfield or oil province there is 
likely to be a wealth of existing seismic and well-log data. In these cases, background 
models can be calculated from a rock formation model. The rock formation model can 
be created from the seismic data and then resistivities assigned to the various 

15 components in the rock structure using the resistivities obtained from well-log data. (If 
directly applicable well-log data are not available, it may be possible to estimate 
resistivity values by comparison with resistivity data from nearby wells in similar 
geological structures.) This technique for obtaining the information required to 
construct a suitable background model will be especially suited to applications in 

20 existing oilfields, such as monitoring long term depletion of reserves. 

When monitoring depletion, it may be sufficient to directly compare VED 
response data taken at different times, e.g. several weeks or months apart, without use 
of a rock formation model. In other words, the background data used is data from a 
previous similar survey. Differences in VED response data taken at different times are 

25 indicative of changes in the hydrocarbon reservoir which have occurred between the 
times at which the data were taken. Because of this, this kind of comparison provides 
a useful monitoring tool. The VED response data taken at the earlier time thus 
effectively acts as background data for comparing with the VED response data taken 
at the later time. 
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Having described some of the types of survey results required, and the steps 
involved in analysing them, practical methods of performing an EM survey of an area 
of interest are now considered. 

In order to perform a thorough survey over a large area, and to provide curves 
5 similar to those shown in Figure 6, controlled source electromagnetic measurements 
wili typically be made with many HED transmitter and receiver locations. Whilst 
these could be made in parallel using a plurality of HED transmitters operating at 
different frequencies and a plurality of receivers, or in series using a single HED 
transmitter and a single receiver which are repositioned between measurements, it will 
10 generally be more efficient to employ a plurality of receivers in fixed positions and a 
single HED transmitter. The HED transmitter may be mobile, as in Figure 5, e.g. for 
surveying new areas, or may be static, e.g. for monitoring depletion in an existing 
oilfield. 

The HED transmitter 22 shown in Figure 5 can require significant power to 
15 drive it, of the order tens of kilowatts, or greater for signals detectable at horizontal 
separations of several kilometres. The umbilical cable 16 connecting the HED 
transmitter 22 to the survey vessel 14 supplies this power and makes it relatively 
straightforward to make the EM transmitter mobile. It can then be towed in an 
appropriate survey pattern by the surface vessel 14. Since in many situations surveys 
20 of this kind are liable to take place over areas of the seafloor 6 where sensitive 
engineering installations exist or are planned, there are significant advantages to using 
a transmitter which does not physically come into contact with the seafloor 6. 
Provided that the horizontal separation between the HED transmitter 22 and the 
seafloor 6 is small compared to a skin depth of the investigating field in seawater, the 
25 survey can still be performed. 

As described above, an HED transmitter of the kind shown in Figure 5 induces 
a combination of vertically and horizontally oriented current loops at the receivers 
depending on the relative transmitter-receiver orientations. It is this mode mixing 
which required previously proposed surveys to follow complicated tow paths of the 
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kind shown in Figure. 4. However, since a VED detector is not sensitive to horizontal 
current flows, only galvanically coupled modes contribute to the VED response data. 
Because of this lack of mixing of the galvanically and inductively coupled modes in 
the VED response data, the complicated survey geometries required with previously 
proposed methods are not required when surveying according to the method shown in 
Figure 5. There are, however, some geometrical limitations associated with the new 
surveying technique. This is because with a uniformly layered subterranean strata 
configuration, there is no vertical component in the EM fields induced by a HEP 
transmitter at a receiver located exactly broadside to the HED transmitter. 
Accordingly, no signal will be received in this configuration. The angular range over 
which VED response data can usefully be collected will depend on the sensitivity of 
the VED detector, the strength of the HED transmitter and the transmitter-receiver 
horizontal separation. However, so long as there is a detectable vertical component to 
the EM fields induced by the HED transmitter at the receiver, VED response data 
obtained for any transmitter-receiver orientation can be used without the problems 
associated with mixed galvanically and inductively coupled modes. 

Figure 8 is a schematic plan view showing an example layout of sixteen 
receivers 35 distributed across a section of seafloor 6 above subterranean reservoir 56 
during a survey of the kind shown in Figure 5. The reservoir 56 has a linear extent on 
the order of several km and its boundary is indicated by a heavy line 58. The reservoir 
is similar to the reservoir shown in Figure 4. The orientation of the subterranean 
reservoir is indicated by the cardinal compass points (marked N, E, S and W for 
North, East, South and West respectively) indicated in the upper right of the figure. In 
this example, the receivers 35 are uniformly distributed in a square-grid pattern so as 
to approximately cover the reservoir 56. In performing the survey, a HED transmitter 
(not shown) starts from the location marked .'A' in Figure 8 and is towed, whilst 
broadcasting continuously as described above, along a path indicated by the broken 
line 60. The survey is completed when the transmitter reaches the location marked 
'B\ VED response data are continuously collected by the receivers 35 throughout the 
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towing process and the position of the HED transmitter relative to the network of 
receivers is also logged. 

During the towing process, each of the receivers 35 presents several different 
transmitter-receiver horizontal separations and orientations relative to the HED 
transmitter. Accordingly, by following the tow path marked, VED response data are 
collected for many different transmitter-receiver horizontal separations along many 
different directions. These VED response data can be inverted to provide a thorough 
map of the subterranean strata configuration using appropriate geophysical inversion 
techniques. In this way a simple continuous towing of the transmitter can provide a 
detailed survey which covers the extent of the subterranean reservoir 56. 

As described above, Figure 4 shows for comparison an example tow path 
which might be followed in performing a previously known survey of the kind shown 
in Figure 1. The tow path shown in Figure 4 is approximately twice as long as that 
shown in Figure 8. Furthermore, when performing an EM survey according Figure 8, 
VED response data can be collected when the HED transmitter is at all points along a 
tow path as long as the tow path direction is suitable. 

Collecting VED response data thus allows a greater amount of useful data to 
be collected from a shorter tow path than the previous proposed end-on / broadside 
method based on collection of HED response data. 

Although the above example is based on a square receiver grid, it will be 
understood that a wide variety of receiver placements may be used. For example other 
high symmetry regular grids, such as triangular or rectangular, may be used. In 
addition irregular grids may be used that have no high level of symmetry. 

In the case of the receivers, there are further advantages in using static devices. 
Firstly, receivers suitable for EM survey techniques of the kind shown in Figure 5 can 
be internally powered and are relatively cheap compared to HED transmitters. 
Because of this a plurality of receivers can easily by arrayed around an area of interest 
so as to provide multiple transmitter-receiver horizontal separations and positions for 
a single EM transmitter position, as shown in Figure 8. Secondly, the task of the 
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receivers is to measure electric fields at the seafloor 6. In typical applications, the 
signal-to-noise ratio of the detector signals is important to the success and resolution 
of a survey, and should be maximised. Moving a receiver inevitably generates noise. 
Any motion of the receiver through the conducting seawater 4 in the presence of the 
Earth's magnetic field generates an electromotive force across the VED detector. 
Receiver movements will therefore map into spurious detector signals in the VED 
response data. 

For these reasons it is desirable to carry out a controlled source 
electromagnetic survey to investigate or detect the presence of buried hydrocarbons 
using a combination of a mobile HED transmitter operated just above the seafloor and 
an array of detectors placed statically on the seafloor as indicated in Figure 8. At the 
end of a survey, the instrument packages associated with the receivers are recovered 
using an acoustically actuated release mechanism to separate it from the ballast 
weight, allowing them to return to the sea surface for recovery, following standard 
oceanographic and marine geophysical practice. 

Transmitter and receiver positions can be determined using standard long 
and/or short and/or ultra-short baseline acoustic navigation systems and processed to 
determine the horizontal separation between the transmitter and receiver. 

It can be seen from Figure 8 that with the presently proposed survey technique, 
subterranean strata can be comprehensively surveyed with relatively few receivers and 
EM transmitter tows. This reduces the time taken, and hence cost, of an exploratory 
EM survey. 

It will be understood that whilst the above description describes a towed HED 
transmitter, the method would also be applicable in a fixed installation. For example, 
the method could be used to monitor changes to a hydrocarbon reservoir from which 
hydrocarbon is being drawn. In such cases it will be appropriate to employ one (or 
more) HED transmitter(s) in fixed positions relative to a receiver array rather than 
undertake frequent towed surveys. The HED transmitter(s) could be anchored to the 
seafloor or suspended from an oil-rig platform, for example. In other examples, the 
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HED transmitters) could be placed in a horizontal well or borehole, e.g. a 
geotechnical borehole. In the case of a producing oil field, the subterranean structures 
are likely to be well known already from prior geophysical surveys and drilling 
results. Indeed, prior geophysical and geological information from the oil field can be 
5 used to construct a background model as described above. 

Finally, it will be understood that the invention is equally applicable to 
surveying of freshwater, for example large lakes or estuaries, so that references to 
seafloor, seawater etc. should not be regarded as limiting and should be interpreted as 
covering lakebed, riverbed etc. Indeed the applicability of the invention to shallow 
1 0 water makes it ideal for surveying shallow lakes. 
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CLAIMS 

1 . A method of analysing results from an electromagnetic, survey of an area that 

is thought or known to contain a subterranean hydrocarbon reservoir, comprising: 

providing vertical electric dipole (VED) response data obtained by at least one 

VED detector detecting a signal from a horizontal electric dipole (HED) transmitter; 
providing background data specific to the area being surveyed; and 
comparing the VED response data with the background data to obtain 

difference data sensitive to the presence of a subterranean hydrocarbon reservoir. 

2. A method of analysing results from an electromagnetic survey according to 
claim 1, wherein the -background data are obtained from a controlled source 
electromagnetic survey. 

3. A method of analysing results from an electromagnetic survey according to 
claim 1, wherein the background data are obtained from a magneto-telluric 
electromagnetic survey. 

4. A method of analysing results from an electromagnetic survey according to 
claim 1, wherein the background data are further VED response data obtained from 
another electromagnetic survey of the area performed at a different time. 

5. A method of analysing results from an electromagnetic survey according to 
claim 1, wherein the background data are calculated from a rock formation model. 

6. A method of analysing results from an electromagnetic survey according to 
claim 5, wherein the rock formation model is derived from a combination of 
geological data and resistivity data. 
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7. A method of analysing results from an electromagnetic survey according to 
claim 6, wherein the geological data are from seismological surveying. 

8. A method of analysing results from an electromagnetic survey according to 
5 claim 6 or 7, wherein the resistivity data are from well logging. 

9. A method of analysing results from an electromagnetic survey according to 
any one of claims 1 to 8, wherein difference data are obtained as a function of position 
within the area and are sensitive to boundaries of the subterranean hydrocarbon 

10 reservoir. 

10. A computer program product bearing machine readable instructions for 
implementing a method of analysing results from an electromagnetic survey according 
to any one of any one of claims 1 to 9. 

15 

11. A computer apparatus loaded with machine readable instructions for 
implementing the method of analysing results from an electromagnetic survey 
according to any one of claims 1 to 9. 

20 12. An electromagnetic survey method applied to an area that is thought or known 
to contain a subterranean hydrocarbon reservoir, comprising: 

deploying a horizontal electric dipole (HED) transmitter and at least one 
receiver, the receiver including a vertical electric dipole (VED) detector; and 

collecting from the at least one VED detector VED response data induced by 
25 the HED transmitter. 

13. An electromagnetic survey method according to claim 12 5 wherein the receiver 
comprises a single vertically aligned antenna. 
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14. An electromagnetic survey method according to claim 12, wherein the receiver 
comprises a vertically aligned antenna and two horizontally aligned antennae 
extending in different horizontal directions. 

15. An electromagnetic survey method according to any one of claims 12 to 14, 
further comprising: 

providing background data specific to the area being surveyed; and 
comparing the VED response data with the background data to obtain 
difference data sensitive to the presence of a subterranean hydrocarbon reservoir. 

16. A method of planning an electromagnetic survey of an area that is thought or 
known to contain a subterranean hydrocarbon reservoir, comprising: 

creating a model of the area to be surveyed including a rock formation 
attaining a postulated hydrocarbon reservoir, and a body of water above the rock 
formation; 

setting values for water depth, depth of the postulated hydrocarbon reservoir, 
and resistivity structure of the rock formation; and 

performing a simulation of an electromagnetic survey in the model of the 
survey area by calculating vertical electric dipole (VED) response data obtained by at 
least one simulated VED detector detecting a signal, ftom a simulated horizontal 
electric dipole (HED) transmitter; and 

adjusting the model to remove the postulated hydrocarbon reservoir and 
repeating the simulation to obtain background data for comparison with the VED 
response data. 

17. A method of planning an electromagnetic survey according to claim 16, the 
method further comprising: 

repeating the simulation for a number of transmitter-receiver horizontal 
separations and frequencies of transmitter signal in order to select optimum surveying 
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conditions in terms of transmitter-receiver horizontal separations and frequencies for 
probing the hydrocarbon reservoir. 

18. A computer program product bearing machine readable instructions for 
implementing the method of planning an electromagnetic survey according to any one 
of claims 16 or 17. 



19. A computer apparatus loaded with machine readable instructions for 
implementing the method of planning an electromagnetic survey according to any one 

10 of claims 16 or 17. 

20. A method of analysing results from an electromagnetic survey substantially as 
hereinbefore described with reference to Figures 5 to 8 of the accompanying drawings. 

15 21. An electromagnetic survey method substantially as hereinbefore described 
with reference to Figures 5 to 8 of the accompanying drawings. 

22. A method of planning an electromagnetic survey substantially as hereinbefore 
described with reference to Figures 5 to 8 of the accompanying drawings. 
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ABSTRACT 

ELECTROMAGNETIC ST I RVEYING FOR HYDROCARBON RESERVOIRS 

A method of electromagnetic surveying of an area of seafloor that is thought or 
known to contain a subterranean hydrocarbon reservoir is described. The method 
includes broadcasting an EM signal from a horizontal electric dipole (HED) 
transmitter and obtaining vertical electric dipole (VED) response data at a remote 
receiver in response thereto. Survey data are analysed by comparing the VED response 
data with background data which are not sensitive to the postulated hydrocarbon 
reservoir. Accordingly, differences between the VED response data and the 
background data allow for the identification of buried hydrocarbon reservoirs. The 
background data may be provided by magneto-telluric surveying, controlled source 
electromagnetic surveying or from direct geophysical measurement. By employing 
VED response data in this way, surveys may be performed in shallower water than has 
previously been possible since the VED detector is not sensitive to air-wave 
components of the EM field induced by the HED transmitter at the VED detector. 



Figure 5. 



